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Visual-span proﬁles are plots of letter-recognition accuracy as a function of letter position left or right of the midline. Previously,
we have shown that contraction of these proﬁles in peripheral vision can account for slow reading speed in peripheral vision. In this
study, we asked two questions: (1) can we modify visual-span proﬁles through training on letter-recognition, and if so, (2) are these
changes accompanied by changes in reading speed? Eighteen normally sighted observers were randomly assigned to one of three
groups: training at 10 in the upper visual ﬁeld, training at 10 in the lower visual ﬁeld and a no-training control group. We
compared observers’ characteristics of reading (maximum reading speed and critical print size) and visual-span proﬁles (peak
amplitude and bits of information transmitted) before and after training, and at trained and untrained retinal locations (10 upper
and lower visual ﬁelds). Reading speeds were measured for six print sizes at each retinal location, using the rapid serial visual
presentation paradigm. Visual-span proﬁles were measured using a trigram letter-recognition task, for a letter size equivalent to 1.4·
the critical print size for reading. Training consisted of the repeated measurement of 20 visual-span proﬁles (over four consecutive
days) in either the upper or lower visual ﬁeld. We also tracked the changes in performance in a sub-group of observers for up to
three months following training. We found that the visual-span proﬁles can be expanded (bits of information transmitted increased
by 6 bits) through training with a letter-recognition task, and that there is an accompanying increase (41%) in the maximum reading
speed. These improvements transferred, to a large extent, from the trained to an untrained retinal location, and were retained, to a
large extent, for at least three months following training. Our results are consistent with the view that the visual span is a bottleneck
on reading speed, but a bottleneck that can be increased with practice.
 2003 Elsevier Ltd. All rights reserved.
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Reading is slow and diﬃcult for many people with
low vision, especially those whose central retina is
damaged, and who must use the peripheral retina. The
leading cause of central vision loss is age-related mac-
ular degeneration, which is also the leading cause of
visual impairment in developed countries. Many surveys
have found that the desire to regain reading ability is the
primary goal of patients with age-related macular de-
generation seeking visual rehabilitation (e.g., Elliott
et al., 1997; Kleen & Levoy, 1981). Consequently, the
understanding of why reading is slower in peripheral* Corresponding author.
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doi:10.1016/j.visres.2003.09.028vision and the development of eﬀective strategies to
improve peripheral reading speed are of utmost impor-
tance to the visual rehabilitation of these patients.
Previous work has shown that even when character
size is not a limiting factor (Chung, Mansﬁeld, & Legge,
1998; Latham &Whitaker, 1996), and when oculomotor
demands are minimized using rapid serial visual pre-
sentation (RSVP, e.g. Chung et al., 1998; Latham &
Whitaker, 1996; Rubin & Turano, 1994), reading is still
slower in peripheral than in central vision. For instance,
Chung et al. (1998) reported that maximum reading
speed measured using the RSVP paradigm decreases
from 862 words per minute (wpm) at the fovea to 143
wpm at 20 eccentricity in the lower visual ﬁeld.
What accounts for slower peripheral reading?
Using an ideal-observer model (‘‘Mr. Chips’’), Legge,
Klitz, and Tjan (1997) suggested a link between reading
1 Strictly speaking, the term ‘‘training’’ should be reserved for tasks
in which feedback is provided; while the term ‘‘practice’’ should be
used for tasks in which feedback is not given. However, a survey of the
literature indicates that these two terms are often used interchange-
ably, regardless of whether or not feedback is provided. In this paper,
we use both terms in reference to our learning task for which there was
no feedback.
696 S.T.L. Chung et al. / Vision Research 44 (2004) 695–709speed and the size of the visual span, deﬁned as the
number of characters that can be recognized on a single
ﬁxation. It is possible that the slower peripheral reading
speed results from a smaller visual span in peripheral
vision. To test this hypothesis, Legge, Mansﬁeld, and
Chung (2001) measured empirical visual spans at several
retinal eccentricities. Their results showed that the re-
duction in the size of the visual span qualitatively par-
allels the decrease in reading speed when retinal
eccentricity increases, suggesting that the size of the vi-
sual span is likely to be the bottleneck on reading speed
in peripheral vision. This is consistent with other evi-
dence suggesting that the visual span may limit reading
speed near the acuity limit or when the contrast of text is
very low (Legge, Lee, Owens, Cheung, & Chung, 2002).
If the size of the visual span indeed is a bottleneck on
reading speed in peripheral vision, then it is important to
ask whether we can enlarge the size of the visual span in
peripheral vision, and if so, whether there is a parallel
increase in peripheral reading speed. These are the pri-
mary questions we address in this study. Speciﬁcally, we
examine (1) whether or not we can modify the visual-
span proﬁle, deﬁned as the plot of letter-recognition
accuracy as a function of letter positions left or right of
the midline, through repeated training on a letter-rec-
ognition task in peripheral vision; and (2) whether these
changes in the visual-span proﬁle are accompanied by
changes in peripheral reading speed.
Clinical literature has established the observation that
low vision patients with central vision loss can be trained
to read using their residual peripheral vision, but it often
requires many hours of training (e.g. Goodrich, Mehr,
Quillman, Shaw, & Wiley, 1977; Nilsson, 1990; Nilsson,
Frennesson, & Nilsson, 1998; Watson & Berg, 1983). In
these studies, patients were trained to read using optical
devices, or they were trained to establish an eccentric
retinal locus for reading. In most cases, the task used for
training was a reading task, the same task as the one upon
which performance was being assessed. Indeed, there is
good rationale for using the same task for assessing
performance, as well as for training. Many reports have
shown that the improvement in performance following
training (the learning eﬀect) is task and/or stimulus-spe-
ciﬁc. For instance, the learning eﬀect in simple detection
and discrimination tasks is speciﬁc to the learned orien-
tation of the stimulus (Fahle &Edelman, 1993; Fiorentini
& Berardi, 1980, 1981; Poggio, Fahle, & Edelman, 1992),
stimulus spatial frequency (Fiorentini & Berardi, 1980,
1981) and direction of stimulus motion (Ball & Sekuler,
1982, 1987). However, the speciﬁcity of learning with
respect to other stimulus parameters is less clear. In
particular, whether or not learning transfers to other
retinal locations within the trained eye (e.g. Beard, Levi,
& Reich, 1995; Fiorentini & Berardi, 1980, 1981; Kap-
adia, Gilbert, & Westheimer, 1994; Karni & Sagi, 1991;
Sireteanu&Rettenbach, 2000), whether it transfers to theuntrained eye (e.g. Ball & Sekuler, 1987; Beard et al.,
1995; Fiorentini & Berardi, 1980, 1981; Karni & Sagi,
1991; Poggio et al., 1992) or whether it transfers to an
untrained task (Beard et al., 1995; Sireteanu & Retten-
bach, 2000) are still inconclusive. In fact, the transfer of
the learning eﬀect to an untrained retinal location, the
untrained eye or an untrained task as reported by these
studies ranges between 0 (no transfer) to 100% (complete
transfer). Although it is plausible that the learning eﬀect
may depend systematically on task, stimulus character-
istics, etc., we believe it would be of interest to address
some of these issues regarding the transfer of learning.
Our primary question of whether training on a letter-
recognition task would lead to improved reading speed
oﬀers us an opportunity to test if the learning eﬀect can
be transferred to an untrained task. We also included in
our experimental design an examination of the transfer
of the learning eﬀect to an untrained retinal location.
To address the questions of this study, we compared
the performance of our human observers before and
after a period of intensive training on letter-recognition
(without feedback) in peripheral vision. 1 Performance
measurements were assessed using two tasks––a reading
task from which the maximum reading speed could be
derived and a letter-recognition task from which the
visual-span proﬁle could be determined. Training con-
sisted of the letter-recognition task only and involved
repeated measurements of 20 visual-span proﬁles over
four consecutive days. We used a letter-recognition task
for training because this task provides measurement of
visual-span proﬁles that is relatively free of top-down
inﬂuences (Legge et al., 2001). To test whether or not the
learning eﬀect transfers to an untrained retinal location,
all the performance measurements were assessed at two
retinal locations (10 upper and lower visual ﬁelds), al-
though training occurred at only one of these two lo-
cations for a given observer. It is well known that the
spatial as well as the attentional resolution are better for
the lower than the upper ﬁelds (e.g., Ellison & Walsh,
2000; He, Cavanagh, & Intriligator, 1996; Talgar &
Carrasco, 2002; Wertheim, 1980). Therefore, poten-
tially, the performance, or how well observers can learn
at the two retinal locations, could diﬀer. From a clinical
point of view, it would also be interesting to determine if
our observers could retain their learning for an extended
period of time following training. Indeed, there is evi-
dence in the literature suggesting that perceptual learn-
ing can be retained up to a few months following
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Ball & Sekuler, 1982; Beard et al., 1995; Sommerhalder
et al., 2003). Consequently, we tracked the performance
measurements of a sub-group of the observers for up to
three months following training.
To anticipate our major ﬁndings, we found that the
visual-span proﬁles can be expanded through training
with a letter-recognition task, and that there is an ac-
companying increase in the maximum reading speed.
These improvements occurred at both the trained and
an untrained retinal location, and were retained, to a
large extent, for at least three months following training.2. Methods
2.1. Basic experimental design
To ascertain that any changes in the reading speeds
and/or visual-span proﬁles are due to the training, and
not the natural improvement by performing the same
task a second time, we included a no-training control
group. Observers belonging to the control group received
only the pre- and post-tests, but not any additional in-
tervening training. As will be discussed below in con-
nection with Fig. 3, the pre- and post-test measurements
themselves are likely to contribute to perceptual learning.
Eighteen young adults with normal vision, aged 19–
30, participated in this study. They were randomly as-
signed to one of three groups, with six observers in each
group: training at 10 in the upper visual ﬁeld (‘‘trained-
upper’’), training at 10 in the lower visual ﬁeld
(‘‘trained-lower’’) and the no-training control group.
The average ages of the three groups were very similar
(trained-upper¼ 22.6 years, trained-lower¼ 24.5 years
and no-training¼ 23.8 years). During the pre- and post-
tests, measurements were obtained at 10 in both the
upper and lower visual ﬁelds for all observers.Fig. 1. A schematic cartoon illustrating theThe basic experimental design and training schedule
are represented schematically in Fig. 1. The pre-test was
conducted in two sessions, with the ﬁrst one devoted to
the measurement of reading speeds and the second one
to the measurement of visual-span proﬁles. Half of the
observers in each group were tested in the upper ﬁeld
ﬁrst and the other half of the observers were tested in the
lower ﬁeld ﬁrst. Each of these two sessions lasted ap-
proximately 1.5–2 h.
Observers belonging to the two training groups were
then trained, using the same letter-recognition task as the
one used to measure the visual-span proﬁles. Training
consisted of 20 blocks of trials (ﬁve per day for four
days), with a full visual-span proﬁle measured in each
block. Each training session lasted approximately 1.5 h.
The post-test immediately followed the last training
session. It was identical to the pre-test except that the
measurements of the visual-span proﬁles preceded the
reading speed measurements, so that we could measure
the visual-span proﬁles immediately before and after
training. Like the pre-test, the post-test also took place
over two diﬀerent sessions, scheduled on two diﬀerent
days. The post-test visual-span proﬁles were measured
the same day as the last training session; while the post-
test reading speed measurements were made on the
following day. The important feature of this design is
that all sessions except for the pre-test reading speed
measurements in some cases, took place on consecutive
days. This is to avoid the possibility of losing some of
the learning eﬀect if the training sessions were scheduled
days apart. For the no-training group, the pre- and post-
tests were scheduled the same number of days apart as
they were for the observers in the training groups.
2.2. Reading speed measurements
Oral reading speeds were measured for single sen-
tences, using the RSVP paradigm. Procedures andbasic experimental design of the study.
2 By chance, the three letters that made up the trigrams may form
words or pseudo-words. In an earlier study (Legge et al., 2001), we
have shown that recognition accuracies were highly similar for word
trigrams (66.2% correct), non-word trigrams (64.1% correct) and
unpronounceable trigrams (made up of three consonants, 63.2%
correct). Given that the total number of trigram trials presented was
very large in the study of Legge et al. (over 30,000 trials), as well as in
the present study (over 100,000 trials), we believe that the results
in Legge et al. (2001) would apply to the present study as well. In
addition, Ortiz (2002) recently showed that the performance of letter-
recognition was 11% higher for word trigrams than for non-word
trigrams at the fovea. This diﬀerence drops to 3.2% when the trigrams
were presented at 5 character spaces away from ﬁxation. His results
suggest that the diﬀerence in performance between word and non-word
trigrams was likely to be small in our study, since we only measured
performance in peripheral vision.
Fig. 2. A schematic cartoon illustrating the letter-recognition task used to measure visual-span proﬁles. The pair of small dots served as the ﬁxation
target (the observer was asked to ﬁxate the middle of the two dots). In this example, the trigram ‘‘bth’’ was presented at 10 in the upper visual ﬁeld,
with the middle letter occupying a letter position of )3 (three letter slots to the left of the midline). The light gray horizontal lines and the numbers
indicating letter positions are for illustration purpose. They were not presented on the actual display.
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(1998). In brief, we used the Method of Constant Stimuli
to present sentences, with the words presented one at a
time in a rapid sequence at the same location on the
computer screen, each for a ﬁxed word-exposure dura-
tion. None of the observers read any of the sentences
more than once. Words were rendered in Courier, and
were presented as high-contrast black letters on a white
background. We measured reading speeds for six print
sizes, ranging from 0.7 to 5.2, at two retinal locations:
10 in the upper and 10 in the lower visual ﬁelds.
Viewing distance was 25 cm. Sequences of testing these
12 combinations of print size · retinal location (condi-
tions) were randomized and pre-determined before the
experiment commenced, with the constraint that the
testing of the upper and lower visual ﬁelds was inter-
leaved, and that the sequence for each observer was
unique. Testing of these 12 conditions was repeated, in
the reversed sequence, following a 15-min break. Es-
sentially, we tested each print size at a given eccentricity
twice, and counter-balanced the order of each condition
so as to minimize any order eﬀects within the same
session. For each print size, we obtained a psychometric
function––proportion of words read correctly as a
function of six word-exposure durations. All six dura-
tions were tested within a block of trials, with the du-
ration determined randomly by the software for running
the experiment. A word was scored as being read cor-
rectly as long as the observer said the word correctly,
irrespective of its word order within the sentence. Ob-
servers rarely read words out of order, except when they
occasionally corrected a pronunciation slip following
completion of a sentence. There was no time pressure on
the response; subjects were free to complete verbalizing
the sentence after termination of the RSVP sequence.
We then ﬁt each set of data using a cumulative-Gaussian
function from which we derived our criterion readingspeed. Each function was based on a total of 36 sen-
tences (six sentences at each of six durations, with the
durations in a random sequence). We derived our cri-
terion reading speed from the RSVP exposure time that
yields 80% of words read correctly, as in our previous
studies (Chung, 2002a; Chung et al., 1998; Legge et al.,
2001). By plotting the criterion reading speed as a
function of print size, we could extract two important
parameters of reading performance: maximum reading
speed and critical print size (the smallest print size at
which maximum reading speed could still be attained,
see Figs. 4, 6 and 8).
2.3. Visual-span proﬁle measurements
Visual-span proﬁles were measured using a letter-
recognition task, as described by Legge et al. (2001). In
brief, on each trial, a trigram (a sequence of three letters
with each letter chosen randomly by the computer soft-
ware where repeats were permitted 2) was presented for
100 ms, along a horizontal line that was 10 above
or below the ﬁxation target (Fig. 2). We chose 100 ms
Fig. 4. Reading speeds (wpm), plotted as a function of print size (deg), are compared between pre- (unﬁlled symbols) and post-test (ﬁlled symbols),
for the six observers of the no-training group, and at 10 in the upper (top panels) and lower (bottom panels) visual ﬁelds. Again, there is very little
diﬀerence between the two reading speed plots in each panel. Error bars represent ±1 standard error of estimate of the reading speed at the 80%
correct level.
Fig. 3. Visual-span proﬁles, plots of proportion correct of letter-recognition vs. letter position, are compared between pre- (unﬁlled symbols) and
post-test (ﬁlled symbols), for the six observers of the no-training group (C1–C6). Measurements obtained at 10 in the upper visual ﬁeld are given in
the top panels and those obtained at 10 in the lower visual ﬁeld are given in the bottom panels. Note that there is very little diﬀerence between the
two visual-span proﬁles in each panel.
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formance (100% correct recognition) in the pre-test vi-
sual-span proﬁle, so that there would be room for
improvement, if any. Like the reading task, letters
were rendered in Courier. Letter size was 1.4· the critical
print size for reading, as determined from the reading
speed measurements described above for each individual
observer. This letter size was chosen for two reasons: (1)to ensure that observers had reached their maximum
reading speeds (e.g. Chung et al., 1998; Legge, Pelli,
Rubin, & Schleske, 1985; Mansﬁeld, Legge, & Bane,
1996); (2) to ensure that a suﬃcient number of letter
positions would ﬁt on the display screen for the character
size and viewing distance in question. We tested trigrams
at 13 positions (indexed by the position of the middle
letter) from 6 letter spaces to the left of ﬁxation to six
Fig. 5. Visual-span proﬁles are compared between pre- (unﬁlled symbols) and post-test (ﬁlled symbols), for the six observers of the trained-lower
group (L1–L6), and at 10 in the upper (top panels) and lower (bottom panels) visual ﬁelds. In most cases, the post-test proﬁle shows an upward shift
from the pre-test proﬁle, implying an improvement in letter-recognition accuracy at various letter positions.
Fig. 6. Reading speeds as a function of print size are compared between pre- (unﬁlled symbols) and post-test (ﬁlled symbols), for the six observers of
the trained-lower group, and at 10 in the upper (top panels) and lower (bottom panels) visual ﬁelds. The post-test plot is shifted upward from the pre-
test plot in most cases, implying an improvement in the maximum reading speed. Error bars represent ±1 standard error of estimate of the reading
speed at the 80% correct level.
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on the midline is at position 0. Each trigram position was
tested 20 times, in a random order, within a block of
trials, yielding a total of 260 trials tested in each block.
The task of the observer was to identify the three letters
of the trigram, from left to right. A letter was scored asbeing identiﬁed correctly if and only if its order within
the trigram was also correct. Feedback was not provided
to the subjects, that is, they were not told whether or not
their responses were correct. We measured proportion
correct recognition at each of the letter slots, combined
across the trials in which the letter slot was occupied
Fig. 7. Visual-span proﬁles are compared between pre- (unﬁlled symbols) and post-test (ﬁlled symbols), for the six observers of the trained-upper
group (U1–U6), and at 10 in the upper (top panels) and lower (bottom panels) visual ﬁelds.
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inner (the one closest to ﬁxation) letter of a tri-
gram. 3 Because we indexed the trigrams by the position
occupied by the middle letter, only letter positions from
+5 to )5 were tested with all outer, middle and inner
letters (inner letters were never tested at letter positions
±6). Therefore, visual-span proﬁles in Figs. 3, 5 and 7
only show performance of letter-recognition from ﬁve
letter spaces to the left of ﬁxation to ﬁve letter spaces to
the right of ﬁxation.
For the pre- and post-tests, we measured the visual-
span proﬁle twice (in separate blocks) at each retinal
location. Again, the testing of the upper and lower vi-
sual ﬁelds was interleaved in diﬀerent blocks of trials.
Data from the two blocks at the same retinal location
were pooled to give the pre- and post-test visual-span
proﬁle at each of the two retinal locations.2.4. Observers
The 18 observers were all native English speakers and
all had best-corrected visual acuity of 20/20 or better in3 Within a trigram, letter-recognition performance varies depending
on whether the letter occupies the outer, middle or inner slot. However,
given that our goal is to link the visual-span proﬁle to reading, and
because most words contain both interior and end letters, we believe
that it is appropriate to pool the performance across trials in which a
letter slot was occupied by the outer, middle and inner letters of the
trigram, to obtain an average letter-recognition performance for that
letter slot. A detailed account of how the position within a trigram
inﬂuences letter-recognition performance can be found in Legge et al.
(2001).each eye and no known ocular pathology. Some of them
had refractive errors and thus they wore their habitual
glasses or contact lenses during the experiment. Written
informed consent was obtained from each of the ob-
servers after the procedures of the experiment were ex-
plained, and before the commencement of data
collection. None of the observers had prior experience in
the tasks used in this study, or had participated in other
experiments involving testing of peripheral vision.2.5. Two testing sites
Eleven of the 18 observers were tested at Indiana
University and the other seven observers were tested at
the University of Minnesota. Observers who were tested
in Minnesota were C1, C3, L2, L4, U1, U2 and U6.
Almost all the experimental procedures and details were
identical at both testing sites, with the exception that eye
movements were monitored at the Indiana site. An
Eyelink eye-tracker (SensoMotoric Instruments, MA)
was used for this purpose. Regardless of whether or not
eye movements were monitored, all observers were
constantly reminded by the experimenters to maintain
ﬁxation on the ﬁxation targets. Comparison of the data
(Figs. 3–8) reveal little detectable diﬀerences between
observers with and without eye-movement monitoring.
For eye-movement monitoring, we calibrated each
observer’s eye positions while the observer looked at
each of three dots (the ﬁxation point and 10 above and
below the ﬁxation point) before each block of trials. The
calibration was then used to compute the vertical extent
of the observer’s eye movement that corresponded to a
Fig. 8. Reading speeds as a function of print size are compared between pre- (unﬁlled symbols) and post-test (ﬁlled symbols), for the six observers of
the trained-upper group, and at 10 in the upper (top panels) and lower (bottom panels) visual ﬁelds. Error bars represent ±1 standard error of
estimate of the reading speed at the 80% correct level.
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spatial resolution of the Eyelink system was about 0.5).
During testing, when the observer’s eye position at any
time deviated from the ﬁxation point by more than 1 in
the vertical dimension, the computer would send out an
audio tone, and the trial would then be rejected. On
average, approximately 0.43% of the trials were rejected
based on the eye-movement monitoring and replaced
with new trials.
2.6. Retention
To determine if the improved performance could be
maintained for a period of time following training, we
remeasured reading speeds and visual-span proﬁles at
three visits following the post-test, for seven observers
who were tested in Indiana. These seven observers in-
cluded two from the no-training group, two from the
trained-lower group and three from the trained-upper
group. Each of these visits was identical to the post-test.
Consequently, these visits could potentially provide
additional training for the observers. These visits were
scheduled at one week, one month and three months
following the post-test.4 Although 9 of the 12 panels in Fig. 3 show an improvement in the
post-test visual-span proﬁles at letter position 0, a paired t-test revealed
that the improvement is not statistically signiﬁcant.3. Results
Visual-span proﬁles, plots of proportion of correct
letter-recognition as a function of letter position, are
compared for pre- and post-tests for the no-traininggroup in Fig. 3. Each panel presents data of one ob-
server and at one retinal location. To facilitate com-
parison between the pre- and post-test visual-span
proﬁles, we ﬁt each set of data with a split-Gaussian
curve, as in Legge et al. (2001). The split-Gaussian curve
peaks at letter slot 0, with the peak value referred to as
the amplitude of the curve. The width of the curve is
characterized by two other parameters from the curve-
ﬁtting––the standard deviation of the left and right
Gaussians used to comprise the split-Gaussian ﬁt (Legge
et al., 2001). An improvement in the visual-span proﬁle
should manifest as an upward shift of the curve, and
possibly a broadening of the curve. Clearly, for this no-
training group, the pre- and post-test visual-span curves
are similar, suggesting very little change in the visual-
span proﬁle following training. The slight improvement
in the post- over the pre-test visual span may be due to
perceptual learning during the pre- and post-test trials. 4
Reading speed data of these observers are plotted as a
function of print size in Fig. 4. We ﬁt each set of data
with a two-line ﬁt (on log–log axes), where the inter-
section of the two lines represents the critical print size
(CPS), the smallest print size at which maximum reading
speed could still be attained (Mansﬁeld et al., 1996). The
slopes (on log–log axes) of the ﬁrst and the second line
were constrained to 2.32 and zero, respectively (Chung
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identify two key parameters that summarize the reading
speed measurements––the maximum reading speed and
the critical print size. An improvement following train-
ing would manifest as an increase in the maximum
reading speed (upward shift of curve) and possibly the
ability to read smaller print sizes at the maximum
reading speed, i.e., a reduction in the critical print size
(leftward shift of curve). Like the results for the visual-
span proﬁles, the pre- and post-test reading speed vs.
print size plots are very similar for this no-training
group.
Fig. 5 presents the pre- and post-test visual-span
proﬁles for the trained-lower group. Because this group
of observers was trained at 10 in the lower visual ﬁeld,
we expected an improvement in the visual-span proﬁles
obtained in the lower visual ﬁeld. Indeed, all observers
in this group showed an upward shift of the post-test
visual-span proﬁle, when compared with the pre-test
visual-span proﬁle in the lower visual ﬁeld. Observer L6
also showed a broadening of the post-test visual-span
proﬁle. Interestingly, an upward shift of the post-test
visual-span proﬁles was also observed in the untrained
upper visual ﬁeld in all but one observers, implying that
their learning eﬀect was transferred to an untrained
retinal location.
Reading speed data for this trained-lower group are
summarized in Fig. 6. All observers of this group
showed an improvement in the post-test reading speed
measurements (upward shift of curves), and in both the
upper (untrained) and lower (trained) ﬁeld. These data
show that the learning eﬀect following training on a
letter-recognition task can be transferred to the un-
trained reading task, and that the transfer was not
speciﬁc to the trained retinal location nor to the trained
letter size (see Section 4).
Similarly, we summarize the pre- and post-test results
of the trained-upper group in Figs. 7 (visual-span pro-
ﬁles) and 8 (reading speed vs. print size plots). Like the
results of the trained-lower group, most of the observers
in this group (ﬁve out of six) showed an upward shift of
the post-test visual-span proﬁles in the trained-upper
ﬁeld, when compared with the pre-test proﬁles. Four of
the observers also showed a small improvement in the
visual-span proﬁle following training in the untrained
lower ﬁeld. Again, this is evidence that the learning
transfers to an untrained retinal location. As for the
reading speed data, the results are very similar to those
obtained for the visual-span proﬁles––all but one ob-5 The log–log slope of 2.32 for the ﬁrst line of the two-line ﬁt was
based on the empirical ﬁnding of Chung et al. (1998) in which they
found that the slope of the ﬁrst line did not vary systematically with
eccentricity, and averaged 2.32 across all curve-ﬁts (six eccentricities
and six observers).servers showed an improvement in the maximum read-
ing speed (upward shift of curves) in both the trained
upper and the untrained lower ﬁeld.
To directly address our primary questions about
whether training on a letter-recognition task modiﬁes
the visual-span proﬁle and/or leads to improved reading
speed, we compared the changes in performance for
three categories: control observers, trained observers
tested at the transferred locations, and trained observers
tested at the trained locations. Values reported for the
control category represent the changes averaged across
the six observers in the no-training group and the two
visual ﬁelds. For the categories of transferred and
trained locations, values reported are the changes aver-
aged across the 12 observers in the two training groups,
at their untrained and trained retinal locations, respec-
tively. Further, to facilitate comparison across various
conditions, we focused on quantitative comparisons of
four key parameters: (1) the peak amplitude of the vi-
sual-span proﬁle, (2) bits of information transmitted
through the visual span; (3) maximum reading speed
and (4) critical print size. The peak amplitude, maxi-
mum reading speed and critical print size are parameters
extracted from the ﬁtted curves; whereas bits of infor-
mation transmitted through the visual span is a com-
puted value based on the raw data (i.e. not the ﬁtted
split-Gaussian curve). It is computed by using confusion
matrices for single letter-recognition (Beckmann, 1998)
to convert our proportion correct for letter-recognition
at each letter slot into bits of information transmitted. 6
Then we summed up the total bits of information
transmitted across all letter slots of the visual-span
proﬁle. This is equivalent to integrating the area under
the visual-span proﬁle with a scale change to express the
result as bits of information. An improvement in the
visual-span proﬁle following training should lead to an
increase in the bits of information transmitted.
Fig. 9 presents the comparison of the pre- and post-
test values for the four key parameters, and for the three
categories: control, transferred and trained locations.
Panel A shows that the changes in the peak amplitude of
the visual-span proﬁles are diﬀerent across the three
categories (ANOVA: Fðdf¼2;33Þ ¼ 5:51, p ¼ 0:0086). Post-
hoc pairwise comparisons show that the diﬀerences are
due to the diﬀerent changes in peak amplitude between
the control and the transferred location ðp ¼ 0:0237Þ, as
well as between the control and the trained location
ðp ¼ 0:003Þ. The changes in peak amplitude for the
transferred (0.08 units) and trained (0.1 units) locations
are not statistically diﬀerent.6 Details regarding the conversion of proportion-correct of letter
identiﬁcation to bits of information transmitted through a visual span
can be found in Legge et al. (2001).
Fig. 9. Averaged improvements due to training (diﬀerences or ratios between pre- and post-tests) are compared for the three categories of control,
transferred and trained locations. Comparisons are made for the following parameters: (A) peak amplitude of the visual-span proﬁle; (B) information
transmitted (bits) through the visual span; (C) maximum reading speed and (D) critical print size for reading. Error bars represent ±1 SEM. Pairwise
comparisons among the three categories that are statistically signiﬁcant are listed in the corresponding histogram.
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of information transmitted through the visual span
following training are diﬀerent across the three cate-
gories (ANOVA: Fðdf¼2;33Þ ¼ 14:18, p < 0:0001). Post-
hoc pairwise comparisons show that the changes in
bits of information transmitted are diﬀerent for all
pairs (control vs. transferred location: p ¼ 0:0039;
control vs. trained location: p < 0:0001; transferred
vs. trained locations: p ¼ 0:0353). Note that 100%
correct letter identiﬁcation for a single letter position
would contribute 4.7 bits. Here, the averaged changes
in bits of information transmitted are approximately
4.1 and 6.1 bits, for the transferred and trained loca-
tions, respectively. Therefore, essentially, the improve-
ments we obtained are roughly equivalent to adding
an additional accurate letter identiﬁcation slot to each
visual-span proﬁle at the transferred location, and
more than one additional accurate slot at the trained
location. These additional letter slots of information
per ﬁxation could be of considerable beneﬁt to
reading.
Fig. 9C plots the ratios between the post- and pre-test
maximum reading speeds for the three categories.
Again, the changes in maximum reading speed are dif-
ferent across the three categories (ANOVA:
Fðdf¼2;33Þ ¼ 13:72, p < 0:0001). Post-hoc pairwise com-
parisons show that the improvements in maximum
reading speed for the transferred and trained locations
are diﬀerent from that for the control category (control
vs. transferred location: p ¼ 0:001; control vs. trained
location: p < 0:0001). However, the improvements in
maximum reading speeds are not statistically diﬀerentbetween the transferred (31%) and trained (41%) loca-
tions ðp ¼ 0:148Þ.
The ratios between the post- and pre-test critical print
sizes are shown in Fig. 9D, for the three categories. The
ratios are similar across all categories (ANOVA:
Fðdf¼2;33Þ ¼ 1:38, p ¼ 0:26). Because these ratios are all
very close to 1 (no change in critical print size), the re-
sults show that there is minimal, if any, reduction in the
critical print size, consistent with the ﬁnding that reso-
lution acuity in peripheral vision does not improve with
training (Westheimer, 2001). Practically, our results
imply that training on a letter-recognition task may help
observers read faster, but it does not improve observers’
ability to resolve ﬁne details.
Fig. 10 summarizes how the two key parameters of
the visual-span proﬁles, viz., the peak amplitude and bits
of information transmitted, changed as learning pro-
gresses, for observer L5. Consistent with reports in the
literature, the rate of learning (rate of change of per-
formance) was fastest for the early blocks of learning
trials. For this observer, her performance appeared to
reach a plateau at block 10. Additional training (blocks
11–20) did not further increase the peak amplitude nor
the bits of information transmitted through the visual
span. This pattern of performance was typical for other
observers as well, with most observers reaching a pla-
teau in performance between blocks 10 and 15.
3.1. Retention
Figs. 11 and 12 summarize the changes in bits of
information transmitted through the visual span and
Fig. 11. Change in bits of information transmitted through the visual spans (diﬀerences between the value obtained at each of the follow-up visit and
the pre-test measurement) are plotted for various timelines following training. Data are obtained from the seven observers who participated in the
retention part of the study. Positive values represent increases in bits of information transmitted while negative values represent decreases in bits of
information transmitted.
Fig. 10. Peak amplitude of the visual-span proﬁle (left) and bits of information transmitted through the visual span (right) are plotted as a function
of training block number for observer L5. These learning curves reached an asymptotic level at block number 10.
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were retested three times over the three months follow-
ing training. There are individual diﬀerences, but in
general, the data can be summarized as follows. First,
for the ‘‘no-training’’ observers, their performance ac-
tually improved over the three-month follow-up period,
for both the size of the visual span (bits of information
transmitted) and maximum reading speed alike. Theseries of follow-up visits, comprised of 12 blocks of vi-
sual-span testing overall, provided these observers with
12 blocks of training. As a result, these observers
showed improvement over the three-month follow-up
period. The learning curves from our trained observers
(examples are shown in Fig. 10) suggest that between 10
and 15 blocks of training are suﬃcient for observers to
reach an asymptotic level in their learning. Interestingly,
Fig. 12. Reading speeds measured at the three visits subsequent to the post-test (one week, one month and three months), normalized to the pre-test
reading speed, are plotted for various timelines following training. Data are obtained from the seven observers who participated in the retention part
of the study. Values greater than 1 represent reading speeds that are higher than those obtained at the pre-test. Error bars represent ±1 SEM.
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observers reached performance that matched the per-
formance of the trained observers at their post-tests. In
other words, the process of repeatedly testing these ‘‘no-
training’’ observers eﬀectively provided them with suf-
ﬁcient training to approach the improved performance
levels of the trained observers. Second, for most of the
trained observers, the changes in bits of information
transmitted through the visual span and maximum
reading speeds remain relatively stable over the three-
month follow-up period. In some cases, there seems to
be a slight reduction in bits of information transmitted
or a slight decrease in the maximum reading speed,
suggesting a regression of the visual-span proﬁle or the
maximum reading speed toward the baseline (pre-test)
value. Even so, the performance at the end of the three-
month follow-up period of these observers who showed
a regression in their learning were still generally higher
than the baseline (pre-test) value. The important point is
that when considering the two performance measure-
ments (bits of information transmitted through the vi-
sual span and maximum reading speed), the two tested
visual ﬁelds and the variability of the measurements, the
ﬁve observers who received training showed a sizable
retention of the learning eﬀect three months followingthe training. These ﬁndings are consistent with the
ﬁnding of a recent paper demonstrating that the im-
provement in reading four-letter words in peripheral
vision following training can be retained for up to two
months in an observer (Sommerhalder et al., 2003).4. Discussion
The primary questions we asked in this study were
whether we can modify the visual-span proﬁle through
repeated training on a letter-recognition task in pe-
ripheral vision; and if so, whether these changes in the
visual-span proﬁle are accompanied by changes in pe-
ripheral reading speed. We found that indeed, training
on a letter-recognition task at an eccentric retinal loca-
tion leads to changes in the visual-span proﬁle. These
changes include increased letter-recognition accuracy
and consequently, an increase in bits of information
transmitted through the visual span. Maximum reading
speed also improved at the same eccentric retinal loca-
tion following training on the letter-recognition task.
We also asked two auxiliary questions––whether the
learning eﬀect can be transferred to an untrained retinal
location, and whether the learning eﬀect can be retained
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eral, we found that all improvements transfer to an
untrained retinal location that is at the same eccentricity
from the fovea, but in a diﬀerent hemi-ﬁeld; and that the
improvements following training can be retained, to a
large extent, for at least three months.
The improvements in letter-recognition accuracy, and
hence, the increase in bits of information transmitted
through the visual span, obtained at the retinal location
at which training occurred, could result directly from the
training (a letter-recognition task). However, how can
we explain the accompanying improvements in maxi-
mum reading speed, considering that reading is a very
diﬀerent task than identifying random letters? As men-
tioned in Section 1, there are theoretical models (Legge
et al., 1997, 2001) that forge a direct link between the
size of the visual span and reading speed. There are also
empirical data supporting the relationship between the
size of the visual span and reading speed, under a variety
of stimulus conditions (Legge et al., 2002). Therefore, it
is plausible that the improvements in the maximum
reading speed we observed following training could be a
consequence of the changes in the visual-span proﬁles.
Alternatively, other studies have suggested that what
observers learn are the ability to allocate attention more
eﬀectively (Saugstadt & Lie, 1964), or the improved
strategies for performing the tasks in general, e.g. when
to pay attention to targets or merely getting more fa-
miliar with the tasks (Beard et al., 1995). These general
improved tactics would lead to improved performance
regardless of the exact task.
If the property of the visual-span proﬁle is indeed the
determinant of the improvement in reading speed, then
it would be important to understand the factors that
govern the shape and size of the visual-span proﬁle. In
other work, we are, in fact exploring these factors, and
their relationships with reading speed. Some of these
factors include lateral masking or crowding, print size
and contrast.
In addition to demonstrating a transfer of the learn-
ing eﬀect to an untrained task (reading), we also found a
transfer of the learning eﬀect to an untrained eccentric
retinal location that is at the same distance from the
fovea, but in the opposite hemi-ﬁeld (upper vs. lower
visual ﬁelds). Fig. 9 shows that the magnitude of the
transfer of the learning eﬀect to the untrained eccentric
retinal location is very high, although in all cases, the
learning eﬀect obtained at the trained location is still
higher than that obtained at the untrained location. To
quantify this partial transfer of improvement, we cal-
culate the transfer index, deﬁned as the ratio of im-
proved performance at the transferred and trained
retinal locations. A transfer index of 100% means a
complete transfer of the learning eﬀect and 0 means a
complete lack of transfer of the learning eﬀect. Based on
the results in Fig. 9, the transfer indices are 80% for thepeak amplitude of the visual-span proﬁles, 67% for the
bits of information transmitted through the visual-span
proﬁles and 93% for the maximum reading speed. As
summarized in Section 1, many studies have examined
the eﬀect of transfer of learning to an untrained retinal
location of the same eye and the magnitude of the
transfer varies among these studies. Here, for our tasks,
we consistently found a large but incomplete transfer of
the learning eﬀect, from the upper to the lower visual
ﬁeld, and vice versa. However, a caveat in interpreting
our data is that this eﬀect may be speciﬁc to our ex-
perimental conditions, in that we compared two retinal
locations, both at the same distance from the fovea, but
in the opposite hemi-ﬁeld. There is evidence that the
learning eﬀect may not be transferable from the fovea to
the periphery or vice versa, as indicated by a recent
study comparing the ability of the fovea and periphery
in learning to identify novel characters (Chung, 2002b).
4.1. Transfer of learning to other print sizes
Another transfer of the learning eﬀect, and one that
we did not set out to test, was the transfer of the learning
eﬀect to other print sizes. Using a ﬁxed letter size
(1.4 ·CPS) in the training (letter-recognition) task, we
found that reading speeds improved for all letter sizes
(see Figs. 4, 6 and 8), and not just selectively at the
trained letter size (1.4 ·CPS). Indeed, when we replotted
the data in Figs. 4, 6 and 8 as ratios between post- and
pre-test reading speeds as a function of print size nor-
malized to CPS, we obtained scatter plots that did not
demonstrate a clear peak at 1.4· CPS. These ﬁndings are
indicative of a generalization, or, transfer, of the learn-
ing eﬀect to print sizes other than the one used for
training. Practically, this ﬁnding is important because it
shows that it is not critical to identify a speciﬁc print size
for training purposes.
4.2. Clinical implications
Our ﬁndings provide encouraging evidence that per-
formance in spatial tasks can improve in peripheral
retina following training. Further, there are practical
implications of our ﬁndings that may be important to
training low vision patients. First, data from our re-
tention study suggests that even after the training ceases,
observers who received training retain most of their
improvements for at least three months. Second, our no-
training observers showed improvements in perfor-
mance at the three follow-up visits after the post-test,
suggesting that learning is still possible even when the
training sessions are scheduled days or weeks apart. This
eases the constraint in scheduling low vision patients for
training. Third, because the learning eﬀect transfers, to a
large extent, to an untrained retinal location, it may not
be critical to identify the exact retinal location for
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learning eﬀect to other print sizes shows that it is not
critical to identify a print size for the training purposes
as well. Clearly, in interpreting our ﬁndings, one caveat
that should be kept in mind is that our subjects were
young and had normal vision, therefore, the ﬁndings
may not be generalizable to low vision patients who
have central vision loss because these patients are usu-
ally much older and that their peripheral retina may not
be healthy. However, there is evidence suggesting that
older adults demonstrate perceptual learning, as long
as more time is permitted for them to learn a new
task, compared with younger adults (Ball et al., 1988).
Also, as we mentioned in Section 1, numerous clinical
studies have reported that elderly patients with cen-
tral vision loss show improvements in their reading
performance after some training, whether the training
involved the use of optical devices or the use of eccentric
ﬁxation. Thus, we remain optimistic that the ﬁndings
from this study can provide justiﬁcation for developing
training programs for elderly people with central vision
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